Despite extensive research efforts, past and present strategies to control biofouling problems in spiral-wound nanofiltration and reverse osmosis membranes have not been successful under all circumstances. Gaining insight in the biofouling process is a first necessity. Based on recent insights, an overview is given of 12 potential complementary approaches to solve biofouling.
INTRODUCTION
High pressure membrane filtration processes such as nanofiltration (NF) and reverse osmosis (RO) produce water of high quality. A drawback of NF and RO applications is membrane fouling, resulting in a pressure drop increase over membrane modules in the membrane filtration installation causing technical problems and increasing operation cost. Biofouling (Figure 1 ) is the major type of fouling in NF and RO membranes fed with extensively pretreated water, caused by biofilm formation in membrane elements (Ridgway & Flemming 1996; Patching & Fleming 2003; Shannon et al. 2008) . Numerous authors describe biofouling problems in membrane installations (Ridgway et al. 1983 (Ridgway et al. , 1985 Flemming 1993; Tasaka et al. 1994; Ridgway & Flemming 1996; Baker & Dudley 1998; Van Hoof et al. 2002; Schneider et al. 2005; Karime et al. 2008 ).
In the Middle East, about 70% of the seawater RO membrane installations suffer from biofouling problems (Gamal Khedr 2000 , 2002 .
Over the years, strategies to control biofouling have not always been successful. In the late 1990s, two strategies were pursued to prevent and control membrane biofouling:
(i) physical removal of bacteria from the feed water of membrane systems (for example by microfiltration or ultrafiltration pretreatment), and (ii) metabolic inactivation doi: 10.2166/wst.2010.747 of bacteria by applying biocide dosage or UV irradiation (Ridgway 1997) . At present, the focus is on nutrient removal by biological pretreatment (e.g. sand filtration) and modification of membranes (disinfectant resistant and low fouling). In addition, membrane cleanings are commonly applied. Current cleaning strategies i.e. using cleaning chemicals are not very effective (Whittaker et al. 1984; Baker & Dudley 1998; Al-Amoudi & Lovitt 2007; Zondervan & Roffel 2007; Creber et al. 2010) .
A rational approach is required to solve biofouling problems. Therefore, gaining insight in the biofouling process is a first priority. Figure 2 shows the evolution of the annual number of publications satisfying the search criteria "biofouling" and "membrane" in the Scopus database, March 2010. Since the first paper was published in 1983 in total 2941 papers appeared until 2010, from which about 55% appeared within the last four years (2006 -2009) . The increasing number of papers illustrate that membrane biofouling is a major problem. Ridgway (1998) (1) the induction period, (2) the log growth rate period and (3) the plateau period. (adapted from Characklis & Marshall (1990) ).
PROBLEM ANALYSIS
Biofouling in spiral-wound nanofiltration and reverse osmosis membranes has been studied on monitor, test-rig, pilot and full-scale for extensively pretreated water (Vrouwenvelder et al. 2009b,c,d) . Identical behaviour with respect to biofouling and FCP development was observed in membrane elements in the same position in a NF installation operated with and without flux. Irrespective whether a flux was applied or not, the FCP and biofilm concentration increased. Calculations on mass transfer aspects supported the observations that the flux is not playing a significant role in substrate supply to the fouling layer. Also, test-rig and full-scale studies with different types of feed water showed that biofouling of membrane modules correlated very well with FCP-increase (Vrouwenvelder et al. 2008a) . Moreover, in systems suffering from biofouling cleaning cycles are governed by the pressure drop over the feed channel. Therefore, biofouling is considered as a FCP problem (Vrouwenvelder et al. 2009c) .
Biofouling is dominantly localized in the lead membrane module of the first stage in membrane filtration installations (Carnahan et al. 1995; Vrouwenvelder et al. 1998 Vrouwenvelder et al. , 2006 Vrouwenvelder et al. , 2007b Vrouwenvelder et al. , 2008a Vrouwenvelder et al. , 2009c . Monitoring the FCP over individual membrane modules and stages of a NF installation revealed that the FCP increased mainly over the lead element of the first stage (Vrouwenvelder et al. 2009d) .
Destructive studies on full-scale membrane modules (autopsy) showed most biomass on the inlet side of lead membrane modules. Biofouling studies using a flat sheet monitor confirmed that biofouling was localised on the inlet side of lead membrane modules (Vrouwenvelder et al. 2007a) . 
EARLY DETECTION
Early detection of biofouling enables timely actions to control biofouling (Flemming et al. , 2003 . 
BIOFOULING CONTROL Strategy
In the past, biofouling control was pursued by microorganism removal, inactivation by pre-treatment and chemical dosages ( Figure 5 , (Ridgway 1997) ). In time, the approach shifted to substrate removal by pretreatment (Griebe & Flemming 1998; Kruithof et al. 1998; Kamp et al. 2000; Ebrahim et al. 2001; Visvanathan et al. 2002; Wend et al. 2003; Hu et al. 2005; Schneider et al. 2005 ) and membrane modification (Wilf & Alt; 2000; Louie et al. 2006; Liu et al. 2006) . However, past and present strategies to control by minimizing the availability of nutrients (similar to conditions that minimize regrowth of bacteria in drinking water lines without chlorination). Eventually, microbial growth will always happen, therefore it is recommended to design a system in such a way that biofilm formation doesn't lead to operational problems or that biomass can be easily removed. In the next sections of this paper several approaches to control biofouling are introduced.
Cleaning strategies
The real problem related to biofouling is the FCP-increase caused by biofouling since this affects water production costs. Membrane manufacturers recommend corrective actions when the FCP-increase is 15% of the FCP start-up value determined under "industrial" conditions and restrict guarantees when the pressure drop increase is higher. This percentage pressure drop increase criterion, used in practice, is not a well defined guideline to take corrective actions. The FCP-increase over a lead membrane module can account for the total FCP-increase over the pressure vessel. In other words, for a FCP-increase over the total pressure vessel of 15% the FCP-increase over a lead module can be around 100% while the FCP-increase over the other elements in the pressure vessel can be much lower than 15% or even (close to) zero (Vrouwenvelder et al. 2009d ).
Cleaning strategies must be efficient in removing biomass from spiral-wound membrane modules (Flemming 1997 ).
Cleanings applied in practice usually inactivate but do not remove (most of) the accumulated biomass from the membrane module, which is essential for biofouling control (Flemming 1997; Vrouwenvelder et al. 1998 (Cornelissen et al. 2007 ) can be applied as well.
Application of cleaning by air sparging enhanced the flux in both ultrafiltration (Cabassud et al. 1997 ) and flat sheet NF systems (Ducom et al. 2002) . Combining chemical cleaning with reverse flushing can be more effective than chemical cleaning only. Lead membrane modules can be adapted to improve (i) resistance to high shear forces caused by enhanced flushing and (ii) cleanability by the use of (thicker/coated/adapted geometry) feed spacers.
Biofouling inhibitor dosage
Biofouling inhibitors are dosed to prevent biomass accumulation in spiral-wound membrane modules. The efficiency of dosages to inhibit biofouling can be evaluated using the Another approach to reduce the linear flow velocity is to increase the number of lead membrane modules ( Figure 9D ). Therefore, biomass accumulation is reduced on the location where impact on the FCP is highest (Vrouwenvelder et al. 2009a) . Thicker spacers with a unique geometry have been shown to have less pressure drop and reduce the frequency of chemical cleaning (Bartels et al. 2008) . The use of thicker spacers in membrane modules will restrict the effect of biomass accumulation on FCP-increase, without influencing membrane module construction.
Feed flow reversal

Total membrane system
The total membrane system should be evaluated in order to develope membrane filtration systems less susceptible to biofouling. The total membrane system includes membrane module design, plant staging and operation. Besides adapted feed spacers and lower number of elements in pressure vessels enabling operation at lower flow velocities, additional adaptations may be considered to prevent biofouling problems. Capillary NF and RO membranes may be operated without elevated pressure drops caused by biomass accumulation. They might also be easier to clean.
However, the use of capillary membranes may require a larger foot print. A large foot print should not be prohibitive when a stable and long term robust process is achieved.
Balancing economics of investments versus operations to control biofouling is a logical step in developing membrane systems less susceptible to biofouling. It is anticipated that the costs of membrane process will be reduced significantly by rational biofouling control.
Growth limiting conditions
Biological pretreatment reduces the concentration of easily biodegradable compounds in the water fed into the membrane filtration installation, resulting in lower/delayed biomass accumulation in the membrane modules (Griebe & Flemming 1998) . However, biological pretreatment removing substrate is no guarantee for biofouling control in practice. Another approach to restrict microbiological growth conditions in membrane modules can be extensive removal of an essential biomass constituent from the water.
For biomass synthesis besides carbon, nitrogen and phosphorus are essential. Very low phosphate levels will restrict biomass growth, even in the presence of high amounts of easily biodegradable compounds (Miettinen et al. 1997; Mohamed et al. 1998; Lehtola et al. 1999 Lehtola et al. , 2002 Vrouwenvelder et al. 2010c) . The feed water of most membrane filtration installations already has low phosphate concentrations, which can be further reduced using for example thermostabile ferritin (Hasan et al. 2007) , (Figure 11 ), so that phosphate becomes the microbial growth limiting factor. Ferritin is an enzyme that can bind phosphate and iron. The advantage of ferritin use is the high phosphate removal rate even at very low concentrations. A feasibility study on ferritin use for large scale water treatment showed that the costs are similar to those of currently applied methods (Jacobs et al. 2010) . Phosphate limitation may be a suitable approach to control biofouling avoiding the need for pretreatment to achieve an extended removal of biodegradable compounds from the feed water. Obviously, with such an approach to control biofouling dosing of chemicals containing phosphate and/or materials releasing phosphate such as phosphonate based antiscalants should be avoided.
Repetitive stress conditions
Repetitive stress 
Biofilm morphology engineering
Biofilm morphology engineering involves the manipulation of biofilms in such a way that system performance is preferentially improved or not negatively influenced. Biofilm morphology depends on the combined effect of growth rate of cells, substrate transport towards cells and detachment forces (Van Loosdrecht et al. 1995; Kwok et al. 1998; Picioreanu et al. 1998 Picioreanu et al. , 2001 . When there is a strong substrate limitation like often in NF/RO systems and a not too strong shear is applied to the biofilm an open, porous biofilm is formed ( Figure 12C ). Microbial growth will occur at the tips of the fingerlike structures or streamers. These tips regularly break off and leave the module while the open and porous structure is maintained Figure 12B ).
Combined approaches
The combinations of several approaches may be more efficient than a single approach. 
Capillary membranes
In the presence of a feed spacer the absolute feed channel pressure drop increase caused by biomass accumulation was much higher than when a feed spacer was absent (Vrouwenvelder et al. 2009c) . Already without biomass, the feed spacer presence caused a higher feed channel pressure drop compared to a flow channel without feed spacer (Vrouwenvelder et al. 2009c) . Spiral wound membrane 
Phosphate limitation
A low phosphate concentration (Miettinen et al. 1997; Lehtola et al. 2002) 
